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Global trends in the occurrence, toxicity and risk posed by harmful algal blooms to natural
systems, human health and coastal economies are poorly constrained, but are widely thought
to be increasing due to climate change and nutrient pollution. Here, we conduct a statistical
analysis on a global dataset extracted from the Harmful Algae Event Database and Ocean
Biodiversity Information System for the period 1985–2018 to investigate temporal trends in
the frequency and distribution of marine harmful algal blooms. We find no uniform global
trend in the number of harmful algal events and their distribution over time, once data were
adjusted for regional variations in monitoring effort. Varying and contrasting regional trends
were driven by differences in bloom species, type and emergent impacts. Our findings
suggest that intensified monitoring efforts associated with increased aquaculture production
are responsible for the perceived increase in harmful algae events and that there is no
empirical support for broad statements regarding increasing global trends. Instead, trends
need to be considered regionally and at the species level.
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Among the 5000 species of known extant marinephytoplankton1, ~200 taxa can harm human societythrough the production of toxins that threaten seafood
security and human health. These toxins are also responsible for
wild or aquaculture fish-kills, may interfere with recreational use
of coastal or inland waters, or cause economic losses. The toxin-
producing species are listed in the IOC-UNESCO Taxonomic
Reference List of Harmful MicroAlgae2, which currently includes
105 dinoflagellates, 37 marine cyanobacteria, 31 diatoms, 8 hap-
tophytes, 6 raphidophytes, 3 dictyochophytes and 2 pelagophytes.
In addition to toxic species, Harmful Algal Blooms (HABs) can be
related to non-toxic microalgae producing high biomass and
causing seawater discolorations, anoxia and mucilage that nega-
tively affect the environment and human activities. The occur-
rences of harmful microalgal species are now routinely recorded
in the Ocean Biodiversity Information System, OBIS (https://
www.obis.org), a global database on the diversity, distribution and
abundance of all marine organisms. Since 1985, reports of
harmful algal events impacting on human society have been
collated in the Harmful Algae Event Database, HAEDAT (http://
haedat.iode.org).
HABs are by no means a new phenomenon but have been
reported since historic times. Japanese archives reported coastal
‘red waters’ (‘akashiwo’) as early as the year 731 (putatively by the
dinoflagellate Noctiluca scintillans3). Spanish explorers in the
1500 s described ‘red water’ (now presumed to be due to the
dinoflagellate Karenia brevis) from the Gulf of Mexico4; Captain
Vancouver lost a crew member in 1793 after consumption of blue
mussels from Poison Cove, Southeast Alaska, USA, contaminated
by PST from the dinoflagellate Alexandrium catenella5; in 1774
Captain Cook and his crew suffered from the symptoms of
Ciguatera Poisoning (CP) after consumption of red bass from the
New Hebrides (Vanuatu) (now known to be due to species of the
dinoflagellate Gambierdiscus)6; Cattle deaths from cyanobacterial
toxins (from the brackish water Nodularia spumigena) have been
known from Lake Alexandrina, Australia, since 18787. However,
several other HAB phenomena such as Diarrhetic Shellfish Poi-
soning (from the dinoflagellate genus Dinophysis and some Pro-
rocentrum species; a syndrome newly described in 19788),
Amnesic Shellfish Poisoning (from some species of the diatom
Pseudo-nitzschia; newly described in 19879) and Azaspiracid
Shellfish Poisoning (from the dinoflagellates Azadinium and
Amphidoma; described in 199610) have only been recently
recognised and have triggered monitoring programmes for HAB
species and associated toxins across the globe.
One of the most frequently asked questions about HABs is
whether they are increasing and expanding11–16, and, if so, what
are the mechanisms behind the observed trends. Eutrophication,
human- and climate-mediated introduction of alien harmful
species, climatic variability, and aquaculture developments have
all been put forward as causes of a possible expansion and
intensification of HABs. It also is apparent that increased mon-
itoring frequency, scientific knowledge and communication,
coupled with new methods for identifying and quantifying cells
and toxins, have led to more effective detection of blooms and
impacts that are not new, but that previously had gone unnoticed
or were underestimated. While some workers referred to an
‘apparent global increase’12, driven by increased awareness; or
questioned the lack of evidence for HAB increase13, others have
alluded to a ‘global epidemic’14 emphasising eutrophication as the
key driver. Similarly, the 2019 Intergovernmental Panel for Cli-
mate Change assessment report, referring to both marine and
freshwater HABs, concluded that ‘the occurrence of HABs, their
toxicity and risk on natural and human systems are projected to
continue to increase with warming and rising CO2 in the 21st
century’17.
A quantitative global assessment of the present status of phe-
nomena related to harmful algae is long overdue, but has not been
achieved previously because data on the presence and abundance
of harmful species and the trends of HABs were scattered in the
increasing literature. Such knowledge-based standpoint on the
trends and distribution patterns of harmful species and events is
fundamental to enable effective management of HABs at a time
that some 3.3 billion people rely on seafood for a fifth of their
animal protein and with terrestrial systems becoming less hos-
pitable for traditional agriculture (Food and Agricultural Orga-
nisation, FAO18). We here mine the OBIS database to scrutinise
trends in phytoplankton and HAB monitoring efforts, and
compare them with trends in HAEDAT events impacting human
society. Throughout this study, we discriminate between trends in
(i) occurrence of the causative microalgal organisms, (ii) detec-
tion of toxins in seafood, (iii) incidence of human poisonings, and
(iv) fish kills and marine mortalities.
Methods
We explored the following three databases: IOC-UNESCO Taxonomic Reference
List of Harmful Microalgae2; HABMAP-OBIS: Database on the geographic range
of Harmful Species (https://www.obis.org); and notably HAEDAT, the Harmful
Algal Event Database (http://haedat.iode.org). HAEDAT is the only existing
database holding information about harmful algal events from across the globe,
though the coverage of different regions varies substantially (Supplementary
Table 1). HAEDAT data are classified into ‘events’ that lead to management actions
or cause any negative economic impact or have ecological consequences of variable
magnitude. A harmful algal event can include (i) water discoloration, scum or foam
with socio-economic impact either due to the presence of toxic or non-toxic
microalgae, (ii) biotoxin accumulation in various seafoods exceeding levels safe for
human consumption, (iii) harmful algae abundance resulting in shellfish or other
invertebrate harvesting ban or a beach closure as a precautionary measure to
protect human health and (iv) any event where humans, animals or other
organisms are negatively impacted by algae, either with or without human health
consequences. HAEDAT does not hold records when there are no harmful events
or no monitoring activities. Not all HAEDAT events have equal societal impacts.
This study excluded freshwater harmful algae and macrophyte (seaweed) HABs.
Global HAEDAT events were partitioned into 12 OBIS provinces (Fig. 1A): 1.
East Coast USA/Canada, Greenland (abbreviated as ECA), 2. Florida, Caribbean,
Central America, Venezuela (CCA), 3. South America (SAM), 4. West Coast USA/
Canada, Alaska (WCA), 5. Australia/New Zealand (ANZ), 6. South East Asia
(SEA), 7. North Asia (NAS), 8. Indian Ocean (IND), 9. Benguela (BENG, South
Africa and Namibia), 10. Mediterranean (MED), 11. West/North Europe including
Scandinavia (EUR) and 12. Pacific/Oceania (PAC). Each region was assigned a
regional editorial team tasked with collating information on HAB species occur-
rences and impacts, with the data and interpretations published in a special issue of
the journal Harmful Algae (vol. 102, February 2021)19–30. As more sampling could
lead to more observations of HABs, we estimated sampling effort using OBIS, the
most comprehensive dataset on marine species records, as a proxy for sampling
effort. The following approach was utilised to estimate sampling effort from OBIS
data. A total of 5,944,392 microalgal records were extracted from OBIS, including
289,668 distribution records of harmful species as defined by the IOC-UNESCO
Taxonomic Reference list of Harmful Microalgae. OBIS records of microalgal
species occurrence were matched with the HAEDAT regions using shapefiles
(https://github.com/iobis/hab-regions) and a hexagonal discrete global grid con-
structed using https://github.com/r-barnes/dggridR. Within each region and each
month, the number of grid cells with phytoplankton records was counted, and
summed per year to obtain an estimate of sampling effort for that year. In many
areas consistent phytoplankton and seafood toxin monitoring only commenced in
the period 1985–1990s, and hence for the trend analyses (Figs. 2, 3) we only
considered the 30+ year period from 1985 to 2018, covering 7000 HAEDAT
records. In some regions, reliable data sets commenced in 1985–1987 (ECA, MED),
in others in 1990 (EUR), but the NAS data only start in 2000. At the time of
analysis (December 2019), data sets for West Africa, the Benguela Current, Indian
Ocean were too sparse and therefore excluded from trend analyses.
To reach a consensus concerning the direction of the overall trend in HAB
events, we used meta-analysis to combine correlation results across different
regions. Meta-analysis is a powerful way to synthesise scientific results and conduct
tests of a hypothesis across multiple studies or regions31,32. We conducted four
separate meta-analyses. The first was on the ‘number of HAEDAT events’ over
years to answer the question whether reported HAB events are increasing. Our
analysis followed the methods of Worm and Myers32. We tested the assumption of
homogeneity of effect sizes in HAEDAT events across different regions using the Q
statistic (their equation 9) and found effect sizes were significantly different across
regions, as is common in nature31. We thus conducted a random effects meta-
analysis of correlations, so used the weighted-sample estimate of the unconditional
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Fig. 1 Relative abundance in different geographic regions of types of harmful algal phenomena and types of seafood toxin syndromes. A Twelve
different geographic regions, with total number of recorded HAEDAT events indicated; B Different types of harmful algal phenomena; and C Different types
of seafood toxin syndromes. Paralytic Shellfish Toxins were dominant in East Coast America (ECA), South America (SAM), West Coast America (WCA),
South East Asia (SEA) and North East Asia (NAS), Diarrhetic Shellfish Toxins were prevalent in the Mediterranean (MED) and Europe (EUR), and
Ciguatera was predominant in the Indian Ocean (IND) and tropical Pacific (PAC). Australia/New Zealand (ANZ) and Central America/Caribbean (CCA)
displayed mixtures of events.
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variance for each region (their equation 11) to calculate the mean effect size (their
equation 5) and then converted this back to a combined correlation coefficient
using the inverse of the z-transform (their equation 8). We then tested the sig-
nificance of this combined correlation coefficient by calculating the Z statistic for a
two-tailed test at α ¼ 0:05 (their equation 7). Confidence limits of correlation
coefficients were estimated based on equations in Zar33. All meta-analyses were
conducted using the same procedures.
In the second meta-analysis, we tried to adjust for some of the potential bias
associated with sampling effort by examining the number of geographic grids
(global total was 623) with one or more HAB events per year. Geographic grids
defined in HAEDAT are areas of coastline (in Europe typically 200 km in length),
the central point of which is the focus of HAB monitoring. However, the size of
grids varies globally with investment in monitoring and aquaculture developments.
We thus conducted a meta-analysis on the time series of the number of geographic
grids over years.
The third meta-analysis also tried to correct for some of the potential bias
associated with sampling effort by using the OBIS data on phytoplankton sampling.
This was to adjust for the potential increase in sampling effort that could lead to a
perceived increase in HAEDAT events. We used the ratio of the number of
HAEDAT events to OBIS microalgal sampling over years to assess whether stan-
dardised HAB events might be increasing.
Finally, the fourth meta-analysis tested the hypothesis that HAEDAT events were
increasing as aquaculture has expanded. Our index of aquaculture intensity was the
total tonnage of aquaculture produced seafood including fish, molluscs, crustaceans and
aquatic plants in a region each year. Suitable aquaculture production data from FAO18,
(https://ourworldindata.org/grapher/aquaculture-farmed-fish-production) were
available for ANZ, SEA, MED and for the combined regions of ECA and WCA, and
SAM and CCA (Supplementary Table 2). Data points were removed where there were
zero OBIS observations for a year within a region.
In all meta-analyses, we adjusted for temporal autocorrelation in the time series
in each region using the method of Pyper and Peterman34, which does not alter the
correlation coefficient, but reduces the effective number of degrees of freedom and
thus reduces statistical significance. This approach has previously been applied
successfully to assessing changes in plankton time series in the North Atlantic35.
Although we could have used generalised linear mixed models to estimate the
overall mean relationship between variables, using meta-analysis provides a
straightforward way to adjust for temporal autocorrelation in each time series, and
thus minimise the risk of inflating the Type I error rate (the probability of
incorrectly rejecting the null hypothesis when it is true).
Results and discussion
The global database. As of 10 December 2019 a total of 9503
HAEDAT events had been entered from across the globe, com-
prising 48% seafood biotoxin, 43% high phytoplankton counts
and/or water discolorations causing a socio-economic impact, 7%
mass animal or plant mortalities and 2% others (including foam
and mucilage production). In a number of HAEDAT records, a
single incident was categorised into multiple event types, such as
both water discoloration and high phytoplankton count (11%
Fig. 2 Changes in different geographic regions of total number of HAEDAT events, and regional and global meta-analyses of HAEDAT events and
HAEDAT geographic grids against year. A Changes in nine geographic regions in the period 1985–2018 in annual HAEDAT events (algal blooms
impacting on human society); 95% confidence intervals are shown in grey; B Meta-analysis of relationship between number of HAEDAT events and Year;
and C Meta-analysis of relationship between number of geographic grids with 1 or more HAEDAT events and Year. Weighted mean correlations (filled
circles) are shown with 99% confidence limits (bars). Only the Overall Global Totals (bottom) showed statistically significant increases (bars not
overlapping zero). Nine geographic regions are considered separately because of great disparity in intensities of monitoring efforts. Data sets for West
Africa, the Benguela Current, Indian Ocean, Pacific Ocean were too sparse and therefore excluded from analysis. For definition of HAEDAT regions see
Fig. 1A.
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were multiple event types). Among all events linked to seafood
toxin syndromes, Paralytic Shellfish Toxins (PST) accounted for
35%, Diarrhetic Shellfish Toxins (DST) 30%, Ciguatera Poisoning
(CP) and marine and brackish water cyanobacterial toxins each
9%, Amnesic Shellfish Toxins (AST) 7% and others 10%
(including Neurotoxic Shellfish Toxins (NST), Azaspiracid
Shellfish Toxins (AZA) and toxic aerosols).
Different OBIS regions (Fig. 1A) contained varying numbers of
HAEDAT reports, with the largest number of records available
for Europe, followed in order by North Asia, Mediterranean, the
east and west coast of North America, the Caribbean, Pacific/
Oceania, South East Asia and more limited data sets for South
America, and Australia/New Zealand (Supplementary Table 1).
All geographic regions were impacted by multiple HAB types,
but in varying proportions (Fig. 1B). High phytoplankton density
problems comprised more than 50% of regional HAEDAT
records in the Caribbean, Benguela, Mediterranean Sea, North
and South East Asia, while seafood toxins and fish kill impacts
dominated in all other regions. The productive Benguela
upwelling system is prone to mass benthic mortalities linked to
high algal biomass and low oxygen19. Among toxin-related
impacts, those caused by PST prevailed in North America, the
Caribbean, South America, South East Asia and North Asia,
whereas DST were the most frequently recorded in Europe and
the Mediterranean (Fig. 1C), and are an emerging threat in the
USA. NST were confined to Florida (US), with a single outbreak
also reported from New Zealand. Human poisonings from
Ciguatera were prominent in the tropical Pacific, the Indian
Ocean, Australia and the Caribbean. While HAEDAT records of
PST, DST and AST mostly relate to the incidence of phycotoxins
in seafood, causing closures of shellfish harvesting areas but rarely
being associated with human poisonings, records for Ciguatera
(CP) refer almost exclusively to human poisonings reported by
medical practitioners. HAB events related to marine cyanotoxins
were mainly reported from Australia/New Zealand (ANZ), the
Indian Ocean (IND) and the Baltic Sea area in NW Europe
(EUR).
Temporal trends in HAB events. The number of HAEDAT
events reported for each region per year generally showed
increases (Fig. 2A). Specifically, eight of the nine regions showed
increases of which six were statistically significant (ECA, CCA,
WCA, SEA, MED, EUR; Supplementary Table 1). The meta-
Fig. 3 Changes in different geographic regions of OBIS microalgal observations and HAEDAT events adjusted for sampling effort, together with
regional and global meta-analyses of HAEDAT events adjusted for sampling effort against Year. A Changes in the period 1985–2018 in the number of
annual OBIS microalgal observations as a proxy of scientific and monitoring sampling efforts; B Relative number of HAEDAT events adjusted for OBIS
sampling effort; and C Meta-analysis of HAEDAT events adjusted for OBIS records vs. Year. Statistically significant increases in B were recorded for five
regions (CCA, SAM, MED, NAS, EUR), while significant decreases occurred in two regions (WCA, ANZ), and two other regions (ECA, SEA) exhibited no
significant change. The Overall Global Total (bottom) showed no statistically significant increase in HAEDAT numbers adjusted for OBIS sampling
effort; 95% confidence intervals are shown in grey in (A, B). Weighted mean correlations (filled circles) are shown with 99% confidence limits (bars are
shown in C).
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analysis of the relationship between HAEDAT events and Year,
plotted for each region with the significance level and the con-
fidence intervals adjusted by the effective degrees of freedom
(reduced because of autocorrelation) is shown in Fig. 2B. Most of
the correlations for the individual regions overlapped zero (i.e.
they were not significant), but the overall global total meta-
analytic correlation was significant (r= 0.37, z= 2.97, p= 0.003)
because it combined the information from each individual region
and thus provided more statistical power. This suggests that the
number of HAEDAT events is increasing over time. The meta-
analysis of the relationship between number of geographic grids
with one or more HAB events and Year had similar results but
weaker statistical significance (r= 0.27, z= 2.16, p= 0.031,
Fig. 2C).
While the number of geographic grids with HAB events is less
prone to inconsistencies in what constitutes a HAB event and less
affected by sampling effort, to try and adjust more specifically for
sampling effort we used OBIS data on microalgae sampling. OBIS
data generally showed an increase in sampling effort, although the
SAM and NAS regions did not follow this trend (Fig. 3A). Once
HAEDAT events were adjusted relative to OBIS observations,
there were contrasting trends in standardised HAB events over
time, with four regions (SAM, WCA, ANZ and NAS) changing
direction compared to the unadjusted HAEDAT data (Fig. 3B vs.
Fig. 3A). The meta-analysis of the standardised HAB events
showed five of the nine regions with a substantially increasing
trend (two flat, and two declining), but there was no statistically
significant trend overall when all regions were combined (r=
0.35, z= 1.33, p= 0.18), (Fig. 3C). This implies there is
insufficient evidence to conclude that HABs are increasing across
all the regions analysed, but it is clear there are contrasting trends
in individual regions.
In the period studied, aquaculture production increased 16-
fold from a global total 11.35M tonnes in 1985 up to 178.5M
tonnes in 2018, with the largest increases occurring SEA and
SAM+ CCA and with North America (ECA+WCA) and EUR
stabilising (Fig. 4A). The number of HAEDAT events over time
was significantly correlated with aquaculture production, with all
regions with suitable data exhibiting more HAEDAT events as
aquaculture expanded, with a strongly significant relationship
overall (r= 0.43, z= 3.59, p= 0.0003; Fig. 4B bottom; Supple-
mentary Table 2).
Selected HAB case studies. Further exploring the influence of
monitoring efforts, Fig. 5 depicts a 4× fold increase of positive
global records between 1985 and 2018 of the main causative
organisms of Diarrhetic Shellfish Poisoning (DSP; 84,392 OBIS
records of the dinoflagellate genus Dinophysis; Fig. 5A), a 7× fold
increase of global observations of the main causative organisms of
Amnesic Shellfish Poisoning (ASP; 128,282 records of the diatom
genus Pseudo-nitzschia; Fig. 5B) and 6× fold increase of global
observations of one of the causative organisms of Paralytic
Shellfish Poisoning (PSP; 9887 records of the dinoflagellate genus
Alexandrium; Fig. 5C). It should be noted that records for
Dinophysis, Pseudo-nitzschia and Alexandrium may also include
non-toxic species or strains. In all three cases the clear increase in
the number of observations through time of causative organisms
is paralleled by the increase of HAEDAT records of the associated
toxin syndromes (Fig. 5D–F) which in the case of PSP are con-
tributed also by other species, namely the tropical Pyrodinium
bahamense and widespread Gymnodinium catenatum. The
occurrence of the causative toxigenic HAB species is not always
an accurate predictor for the incidence of human shellfish poi-
sonings (indicated by the shellfish icons in Fig. 5G–I). This
reflects the efficiency of the food safety risk management strate-
gies implemented in many of the affected countries. Globally,
some 11,000 cases of nonfatal events related to DSP were
Fig. 4 Changes in different geographic regions of aquaculture production in the period 1985 to 2018, and meta-analysis of HAEDAT events over time
against aquaculture. A Changes in 1985 to 2018 in five regions (ECA+WCA; SAM+ CCA; ANZ; SEA; EUR) of tonnage of Aquaculture Production of fish,
molluscs, crustaceans and aquatic plants; and B. Meta-analysis of HAEDAT events over time vs. Aquaculture. The overall number of HAEDAT events over
time was significantly correlated with aquaculture production (bottom). Weighted mean correlations (filled circles) are shown with 99% confidence limits
(bars) in (B).
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reported, mostly from Europe, South America and Japan
(Fig. 5G). These events mainly include closures of shellfish har-
vesting areas due to observed levels of DST above regulatory
limits to protect human health. It is noted that, despite the
widespread distribution of Pseudo-nitzschia species (Fig. 5H),
there have been no human fatalities from Amnesic Shellfish
Poisoning since the original 1987 incident in Prince Edward
Island, Canada (150 illnesses with 3 fatalities), even though
associated mortalities of marine mammals of high conservation
value are of increasing concern in western North America,
including in the climate hotspot of Arctic Alaska36. AST has also
been associated with marine mammal calf mortalities in
Argentina37. Of the global total of 3800 human Paralytic Shellfish
Poisonings during the 1985–2018 period (Fig. 5I), the largest
number occurred in the Philippines, a country strongly depen-
dent on aquaculture for human food protein, with 2555 poison-
ings recorded between 1983 and 2013 of which 165 were
fatalities23,38, predominantly caused by highly toxic Pyrodinium
bahamense. Because of the increased use of molecular detection
methods our knowledge on the global distribution of ciguatera-
causing organisms, selected species of the benthic dinoflagellates
Gambierdiscus and Fukuyoa, has increased considerably
(Fig. 6A). The database on the presence of ciguatoxins in fish
(Fig. 6B) is still limited because of the complexity of the chemical
analysis used to confirm the presence of ciguatoxins. Exploring
trends of human CP, in Hawaii poisonings have been decreasing,
in French Polynesia and the Caribbean numbers remained stable,
whereas CP is a new phenomenon in the Canary Islands
(Fig. 6C). Globally CP affects 10,000–50,000 people annually but
fatalities are rare20.
Aquacultured finfish mortalities caused by the taxonomically
unrelated microalgal genera Chattonella, Pseudochattonella,
Heterosigma, Karenia, Karlodinium, Margalefidinium (Cochlodi-
nium) and Prymnesium/ Chrysochromulina globally account for
much greater economic damage than HABs contaminating
seafood39. While most shellfish toxins have now been well
characterised and are effectively monitored and regulated, finfish
held captive in intensive aquaculture operations continue to be
Fig. 5 Increases between 1985 and 2018 of global observations of the causative organisms, HAEDAT toxic events, and distributions of the toxin
syndromes Diarrhetic, Amnesic and Paralytic Shellfish Poisoning. A–C Total number of global observations from OBIS of causative microalgal organisms
of Dinophysis spp., Pseudo-nitzschia spp. and Alexandrium spp.; D–F The number of records of HAEDAT Toxic Events of DST, AST and PST.; G–I Global
distribution maps (as red dots, from OBIS) as of 2018 of Dinophysis spp. (DSP), Pseudo-nitzschia spp. (ASP) and Alexandrium, Pyrodinium, Gymnodinium
catenatum (PSP). The locations of toxic events resulting in human poisonings are indicated by the size of the shellfish icons. The first number shows
number of poisonings, the second number indicates fatalities. For ASP, 150/3 signals 150 clinical cases with three fatalities. No human fatalities have ever
occurred from DSP.
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vulnerable to HABs (USD71M loss in Japan in 1972, USD70M in
Korea in 1995, USD290M in China in 2012, USD100M in
Norway in 201919–32), even though the causative ichthyotoxins
usually are of no human health significance. The 2016 Chilean
salmon mortality that caused a record USD800M loss led to
major social unrest40. Again, the incidence of fish-killing HAB
species is not an accurate predictor of economic losses. For
example, Heterosigma blooms occur both on the west and east
coast of North America, but fish mortalities are mostly confined
to the west coast29. In large part, this reflects locations where
blooms occur relative to the location and size of the aquaculture
operations. The dinoflagellate Karlodinium australe never caused
any problems in its Australian lagoon type locality41 but in 2014
killed 50,000 caged fish in Malaysia and is now also known from
Japan and the Philippines42. In the wild, finfish can swim away
from bloom areas, hence aquaculture finfish mortality is largely a
human-generated problem.
Conclusions
Our analysis of HAB species and event distribution showed no
conclusive evidence for a uniform trend of ‘increased global fre-
quency and distribution of HABs’ in the period 1985–2018.
When adjusted for sampling effort proxies, global HAB trends
were not statistically significant. This suggests that the increase in
HAEDAT event numbers, and hence the widespread perception
of a global HAB increase, can be attributed largely to the
intensification of observational efforts through scientific and
monitoring activities. As for the period prior to 1985, data are
sparse and unreliable and do not allow us to exclude that a HAB
increase had occurred before that time.
Apart from increased observational efforts, the widely held
impression of increased HABs derives from the expanding scale
and nature of societal impacts. Increased use of coastal waters for
aquaculture has been a key driver for occasionally disastrous,
long-lasting economic impacts from HABs, in turn driving an
awareness of new harmful algal species and new toxin types43. In
the period studied, aquaculture production increased 16-fold,
with the largest increases occurring in East Asia, Latin America
and the Caribbean and with North America and Europe
stabilising18. Alterations in toxin monitoring techniques or
changes in regulatory levels also play a key role in the impact
levels. Closures from 1998 to 2005 of the Scottish scallop fishery
due to high concentrations of AST in the gonad tissues were
effectively reduced by an amendment to the European Union
shellfish hygiene directive facilitating end product testing and
sale of adductor muscle only24. When new HAB phenomena
affect previously poorly monitored areas or product (e.g. the 1972
Seto Inland Sea Chattonella associated aquaculture fish kill28,
1987 ASP outbreak in Canada9, 1994 NSP outbreak in New
Zealand27, 1997 DSP outbreak in Australia27), economic impacts
can initially be severe but subsequently decrease in most cases.
Unlike for DST, AST and PST, we do not have adequate mon-
itoring or regulatory tools in place for ciguatera toxins nor fish-
Fig. 6 Known global distribution in 2018 of the causative dinoflagellate genera, ciguatoxins in fish, and trends of human ciguatera poisonings in
selected geographic regions. A Distribution of the dinoflagellate genera Gambierdiscus and Fukuyoa (blue and orange dots); B Ciguatoxins in fish (red) and
shellfish (orange); and C Trends between 2000 and 2018 in human ciguatera poisonings in Hawaii, French Polynesia, Canary Islands, the Caribbean (light
green) and Mexico (dark green). Adapted from Chinain et al.20.
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killing HABs. Shellfish toxin outbreaks are now well-managed in
developed countries and economies can recover swiftly, while
finfish aquaculture industries can take many years to rebuild after
mass mortalities due to HABs. The perceived positive HAB trend
is thus mainly related to the growing need to exploit marine
resources driven by human population increase (from 4.85B in
1985 to 7.71B in 201844), which acts as a multiplier13 of the
impacts of HABs, independently of their actual trend.
Notwithstanding the lack of evidence for a global increase,
variations in HAB occurrence were evident in our study at the
regional scale, with statistically supported increasing, decreasing
or stable trends and within-region variations of the HAB types
driving those trends. As exemplified by selected HAB case studies,
increases concerned AST and PST in marine mammals in the
Arctic Pacific36, CP in the Canary Islands20, and green45 and red
Noctiluca surface water discolorations27 in the Indian Ocean and
South East Australia, respectively; benthic Ostreopsis mats and
aerosol poisoning since the 2000s in the Mediterranean22, AST on
the northeastern and west coast USA29,46,47, and Pseudochatto-
nella blooms causing fish mortalities in northern Europe and
Chile25,40. By contrast, in other previous HAB hotspots, harmful
events have remained stable or dissipated e.g. Pyrodinium baha-
mense PST stabilising in the Philippines after 1990s23, and
Alexandrium minutum PST disappearing from Egypt after
199448.
The scenario of high variability of impacts and trends observed
in our study reflects the wide range of harmful event types caused
by more than 200 different microalgae occurring in diversified
coastal environments. Such highly variable species and regionally
specific patterns render broad statements on HAB occurrence
inappropriate. Global and regional assessments are only a first
step towards an improved management of HAB impacts, which
however is not possible due to lack of understanding of the
ecological mechanisms driving global and local HAB trends and
patterns. So far, no satisfactory ecological explanation has been
found13 for the restricted distribution of phenomena related to
specific toxins, such as AST (dominant on the West Coast of
North America), AZA (Ireland), DST (dominant in Europe), NST
(dominant in Florida), in spite of the wide distribution of the
causative organisms. Differences in HAB occurrence among
apparently similar sites, and various examples of trends and range
expansions mentioned above also remain in most cases unex-
plained, which calls for ecological studies of individual phe-
nomena at the local scale. Similarly, climate change and
eutrophication impacts will vary from species to species16,49,50,
and climate change drives different ocean regions to change at
different rates51. While some of the apparently new HAB phe-
nomena recognised here occurred in demonstrated temperature
increase hotspots40 (Arctic Pacific, Chile, South East Australia),
other climate factors such as ocean acidification, nutrient altera-
tions and lowered oxygenation also play a role16. Climate change
thus adds a new level of uncertainty to seafood security and safety
for an ever-growing human population.
Being at the crossroad of several different societal and scientific
issues, questions on HABs are best addressed on a species-by-
species and site-by-site basis, and considering the respective
impacts on local human activities, rather than handled as
aggregates of microalgal HAB cell or species numbers, phycotoxin
concentrations, or their global distributions. This is only the first
of hopefully many future metadata analyses of the available HAB
information, which has clearly shown the potential of the HAE-
DAT and OBIS data. However, the expansion and integration of
these databases52 with other information are needed to capture
the ecology of individual noxious species, explain their trends and
quantify their economic and health impacts to society. Only with
ever improving and better harmonised global data sets can we
answer questions on the relationships between HABs, climate,
eutrophication and aquaculture with absolute confidence and
predict future trends.
Data availability
All individual OBIS and HAEDAT event data used in the present analysis are available
via https://www.obis.org and http://haedat.iode.org, respectively. The FAO aquaculture
production data are available from https://ourworldindata.org/grapher/aquaculture-
farmed-fish-production. The full collated HAEDAT, OBIS and FAO dataset used for the
present 1985–2018 meta-analyses are available from https://github.com/iobis/paper-hab-
trends. The results of the statistical analyses on these data sets are provided as
Supplementary Tables 1, 2 to this publication.
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